Objective: To assess whether there are any differences in the postprandial physiological responses to apple drink (control), calcium phosphate (tricalcium phosphate, TCP) and high-calcium skim milk (HCSM) with or without additional magnesium in postmenopausal women. Design: Randomized, controlled, cross-over. Measurements after overnight fast before each drink, and subsequently every hour for 8 h postprandially. Results: There was no difference in baseline serum calcium, PTH or C-telopeptide levels between drinks. There were no overall differences in serum calcium after apple or after either milk, but after TCP serum calcium increased from a baseline value of 2.12 AE 0.08 to a mean peak of 2.21 AE 0.12 mmol=l (s.d.) (P ¼ 0.0001) after 2 h. There were no significant differences in serum PTH after either apple or HCSM þ Mg. In contrast, after TCP, serum PTH decreased from 2.76 AE 0.69 to a mean nadir of 2.23 AE 0.65 pmol=l (P ¼ 0.0001) after 1 h, and after HCSM, it decreased from 2.71 AE 0.78 to a mean nadir of 2.51 AE 0.87 pmol=l (P ¼ 0.007) after 2 h. Serum C-telopeptides decreased after each drink, reaching nadirs after 5 h. At this time the serum values for each of the high calcium drinks were not different from each other, but were significantly less than for apple (P ¼ 0.001 for each), being 0.22 AE 0.09 ng=ml for apple, 0.15 AE 0.08 for TCP, 0.14 AE 0.07 for HCSM and 0.16 AE 0.07 for HCSM þ Mg. Conclusion: Despite differences in serum calcium and PTH responses to the three high-calcium drinks that we tested, there was no distinguishable difference in serum C-telopeptides between high calcium drinks.
Introduction
It is well established that an acute oral dose of calcium rapidly suppresses bone resorption (Goddard et al, 1986; Reid et al, 1986; Woo et al, 1991; Reginster et al, 1993; Horowitz et al, 1994; McKane et al, 1996; Rubinacci et al, 1996; Yang et al, 1994) . However, it is not known whether high-calcium milk is as effective in this respect. One might expect that the additional micro-and macronutrients in milk compared with calcium salts may slow down calcium absorption and lead to a less marked impact on serum calcium, parathyroid hormone (PTH) and markers of bone resorption.
Milk is a good source of magnesium as well as calcium. It has been known for many years that magnesium (Mg) deficiency leads to an increase in serum PTH, which promotes calcium (Ca) release from bone (Rude et al, 1976) . More recently Mg deficiency for just 3 weeks in young, growing rats has been shown to lead to decreased bone turnover that could impair bone growth and development (Creedon et al, 1999) . Correcting deficiencies in Mg intake is therefore likely to be important for bone health. However, there are also advocates for the use of Mg supplementation for bone health even when Mg status is known not to be compromised (Abraham & Grewal 1990; Driessens et al, 1990; Stendig-Lindberg et al, 1993) . This recommendation is supported by observations of increased bone mineral density (Abraham & Grewal 1990; Stendig-Lindberg et al, 1993) , as well as relief of backpain and movement restrictions by Mg supplementation in osteoporotic patients (Driessens et al, 1990) . Also, a number of dietary studies have consistently suggested that bone mineral density is greater in people with high intakes of Mg and potassium (Freudenheim et al, 1986; Angus et al, 1988; Tranquilli et al, 1994; New et al, 1997; Tucker et al, 1999) . There is limited research into the impact of supplementary Mg on biochemical markers of bone turnover. Serum PTH and biochemical markers of bone turnover have been shown to be transiently reduced during the first 5 -10 days of 30 days of Mg supplementation in young men (Dimai et al, 1998) . However, Mg supplementation for longer than 2 weeks does not lead to significant changes in bone resorption markers or serum PTH (Dimai et al, 1998; Doyle et al, 1999; Basso et al, 2000) . We have previously observed decreases in bone resorption in response to 4 weeks of supplementary Mg-enriched high Ca milk that were greater than those seen for high Ca milk without additional Mg (Green et al, 2000) , but that study did not include any measurements of serum PTH, Ca or Mg.
The present study was designed to assess whether there are any differences in the postprandial physiological responses to apple drink (control), calcium phosphate (tricalcium phosphate, TCP) and high-calcium skim milk (HCSM) with or without additional Mg in postmenopausal women.
Methods
The volunteers were 21 healthy women who were at least 5 y postmenopausal, and had not taken any mineral supplements or pharmaceutical therapy known to affect bone metabolism for the 3 y before the study. All the subjects gave written, informed consent to take part in the study, which was approved both by the Manawatu-Whanganui Ethics Committee and the Massey University Human Ethics Committtee. Body weight was measured using a beam balance (Detecto, Cardinal Scale Manufacturing, MO, USA) to the nearest 0.2 kg and standing height was measured using a stadiometer (Institute of Fundamental Sciences, Engineering Services Workshop, Massey University, Palmerston North, New Zealand) to the nearest 0.1 cm. Waist and hip circumferences were measured to the nearest 0.1 cm using a non-stretch measuring tape. Lean body mass was measured by total body bioelectrical impedence (Biodynamics Model 310, Seattle, WA, USA) after at least 3 h without food or drink. The maximal handgrip of the nondominant arm was measured to the nearest 0.5 kg using a conventional hydraulic handgrip dynamometer (Jamar TM , Sammons Preston Inc, Bolingbrook, IL, USA). Food intake was assessed on each laboratory visit by 24 h food intake recalls. The dietary composition of macro-and micronutrient content food intakes was subsequently taken from the New Zealand Food Composition Table, The volunteers arrived in the laboratory at approximately 08:30 h after fasting for at least 12 h. Baseline blood samples were taken from an indwelling intravenous cannula as soon as it had been sited and again between 15 and 30 min later. The volunteers were then given one of the four test drinks, which they were asked to consume within 15 min. They started the drinks between 09:00 and 09:30 h; the actual time was recorded and referred to as time zero. Blood samples were taken every hour after time zero. The blood was kept cold until it was spun at 3000 rpm for 10 min and the supernatant material was removed and frozen until it was analysed. Urine was collected after the first morning void until time zero, and collections continued in timed 2 h samples for 8 h from the start of consuming the drink. The urine was kept cool and dark during collection and then frozen until subsequent analysis. The volunteers were permitted filtered tap water ad libitum. They were given two plain biscuits after 1.25 h and again after 6.25 h after time zero. A light lunch comprising two slices of wholemeal bread, thinly spread with sunflower margarine, and 130 g canned peaches in syrup was consumed after 3.25 h. This food provided an additional 35 mg Ca, 48 mg Mg, 156 mg phosphorus and 380 mg sodium. The volunteers were seated in the laboratory for most of the day, where they took part in light activities such as reading, writing, knitting, sewing, card games and conversation. Most volunteers also had a short, leisurely walk outdoors, which lasted for approximately 10 min. This was typically completed at least 10 min before the first blood sample after lunch.
Serum PTH was measured by immunradiometric assay (IRMA) using the Gamma-BCT intact PTH kit (Immunodiagnostics Systems Ltd, Boldon, UK). Normal serum PTH values for adults aged 18 -60 y are 0.8 -5.2 pmol=l. Serum C-telopeptides (S-CTX) were measured by electrochemiluminescence immunoassay using the Roche Elecsys 1010 system and a commercially available kit for b-Crosslaps (1972308 Roche Diagnostics, GmbH, D68298 Mannheim, Germany). Normal serum CTX values for premenopausal women are of the order of 0.28 ng=ml. Free deoxypyridinoline (DPD) was measured using an automated chemiluminescence system using the Chiron Diagnostics, ACS 180 DPD assay (Chiron diagnostics, East Walpole, MA, USA). Normal urine-free DPD values for premenopausal women are 3.0 -7.4 nM DPD=mM UCRN. Serum and urinary Ca and Mg were measured by spectrophotometry (Cobas Fara II autoanalyser, Roche Diagnostics, Basel, Switzerland) using commercially available kits. Calcium was measured using the Boehringer Mannheim 14893216 kit, and Mg was measured using the Boehringer Mannheim 1489330 kit (Boehringer-Mannheim, Mannheim, Germany). Urinary creatinine was measured by the Jaffe reaction on an Abbott Aeroset Analyser (Abbott Laboratories, Abbott Park, IL, USA).
The integrated areas under the curve for the change from mean baseline for each serum measurement was calculated using Simpson's rule. The 8 h excretion rates of Ca and Mg were derived from the urinary concentrations of these minerals and urine volume. Urine volume was calculated from measurements of urine mass, made to the nearest 0.1 g using a top pan balance (Sartorius Basic lite , BL3100, Sartorius AG, Goettingen, Germany). The specific gravity of the urine was not measured, but was assumed to be 1.02. Comparisons between the start time for each drink and comparisons between the areas under the curve were evaluated using a one-way ANOVA and comparisons of means were done using Tukey's pairwise comparisons. Comparisons between drinks and the influence of time were evaluated using a cross-over repeated measures analysis of variance (general linear models procedure) and post hoc comparisons of means were done using the Tukey -Kramer test. Measurements were considered to be different if P < 0.05. Correlation was assessed by Pearson Product Moment. Results are expressed as means and standard deviations.
Results
The physical characteristics of the women were as follows: age was 66 AE 7.6 y, weight was 70.8 AE 15.3 kg, body mass index (W=H 2 ) was 26.7 AE 5.6, waist : hip ratio was 0.82 AE 0.04, and body fat was 33.4 AE 6.6% of body weight. Age at menopause was 48.9 AE 6.8 y. Maximal handgrip of the dominant arm was 22.0 AE 4.5 kg (range 14.0 -32.0 kg). Daily Ca intake was 1.03 AE 0.34 g and Mg intake was 336 AE 107 mg. All the women reported being habitually physically active.
The actual times at which the drinks were started (time zero) were: apple, 09:23 AE 12 min; TCP, 09:22 AE 12 min; highCa skim milk, 09:23 AE 12 min; and high-Ca skim milk enriched with Mg, 09:21 AE 11 min. There were no differences in start times between interventions.
The serum Ca responses to the four drinks are shown in Figure 1 . There was no difference in baseline serum calcium between drinks and no overall differences in serum calcium after apple or after either milk, but after TCP serum calcium increased from a baseline value of 2.12 AE 0.08 to a mean peak of 2.21 AE 0.12 mmol=l (s.d.) (P ¼ 0.0001) after 2 h. There was no difference in the integrated area under the curve for . Time zero marks the time of the start of ingesting an apple drink, TCP, high-Ca skim milk or high-Ca skim milk enriched with Mg. There was a significant effect of time after TCP between 1 and 7 h (P < 0.001 for 1 -5 h, P < 0.01 at 6 h and P < 0.05 at 7 h). There was a significant effect of time after high-Ca skim milk at 7 h (P < 0.001). There were also significant differences between interventions. Compared with apple drink serum Ca was higher after TCP at 2 h (P < 0.01) and 3 h (P < 0.05) and after high-Ca milk at 7 h (P ¼ 0.0001). Letter superscripts indicate significant (P < 0.05) differences between interventions at a given time point.
PTH and bone resorption effects of milk JH Green et al change in serum Ca between the high-Ca drinks, but the integrated increase in serum Ca was higher after each of these drinks than after apple drink (P < 0.001). The integrated increase in serum Ca was positively correlated with the 8 h urinary excretion of Ca expressed as g=8 h (r ¼ 0.32, P < 0.01), and negatively correlated both with the integrated change in serum PTH (r ¼ 7 0.24, P < 0.05), and with the change in S-CTX (r ¼ 7 0.39, P < 0.001; data from all four drink interventions combined. Figure 2 shows the serum PTH responses to the four drinks. There was no difference in baseline serum PTH between drinks but there were significant effects of time and significant differences between interventions. There were no significant differences in serum PTH after either apple or HCSM þ Mg. In contrast, after TCP, serum PTH decreased from 2.76 AE 0.69 to a mean nadir of 2.23 AE 0.65 pmol=l (P ¼ 0.0001) after 1 h, and after high-calcium skim milk it decreased from 2.71 AE 0.78 to a mean nadir of 2.51 AE 0.87 pmol=l (P ¼ 0.007) after 2 h. There was no difference in the integrated change in serum PTH between the high-Ca drinks, but the integrated decrease in serum PTH was greater after each of these drinks than after apple drink (P < 0.001).
Serum Mg was maintained within normal levels during all four studies, and therefore results are not given. Although there were no differences in serum Mg between the drinks, it was higher than baseline 8 h after the high-Ca skim milk enriched with Mg, 0.81 AE 0.07 vs 0.74 AE 0.08 mmol=l (P < 0.01). Figure 3 shows the S-CTX responses to the four drinks. There was no difference in baseline S-CTX between drinks but there were significant effects of time and significant differences between interventions. S-CTX decreased after each drink, reaching nadirs after 5 h. At this time the serum values for each of the high-Ca drinks not different from each other, but were significantly less than for apple (P ¼ 0.001 for each), being 0.22 AE 0.09 ng=ml for apple, 0.15 AE 0.08 for TCP, 0.14 AE 0.07 for HCSM and 0.16 AE 0.07 for HCSM þ Mg. There was no difference in the integrated change in S-CTX between the high-Ca drinks, but the integrated decrease in S-CTX was greater after each of these drinks than after apple drink (P ¼ 0.001).
The urine Ca responses to the four drinks are shown in Table 1 . There were significant effects of time and significant differences between interventions. Although there was no statistical difference in the total 8 h urinary Ca excretion rates between drinks (P ¼ 0.052) they tended to be higher after each of the high-Ca drinks compared with the apple drink. The 8 h Ca excretion rates were 28 AE 17 mg for apple, 48 AE 23 mg for TCP, 43 AE 23 mg for high-Ca skim milk and 46 AE 27 mg for high-Ca skim milk enriched with Mg. Table 2 shows the urine Mg responses to the four drinks. There were significant effects of time and significant differences between interventions. There were no significant differences between drinks in the total 8 h urinary Mg excretion There was a significant effect of time after TCP between 1 and 4 h (P < 0.001). There was a significant effect of time after high Ca skim milk between 1 and 4 h (P < 0.01 at 2 and 3 h and P < 0.05 at 1 and 4 h). There were also significant differences between interventions. Compared with apple drink serum PTH was lower after TCP between 1 and 7 h (P < 0.001 at 1 and 3 -6 h, P < 0.01 at 2 h and P < 0.05 at 7 h). PTH was lower than apple after high-Ca milk at 1, 3 and 5 -7 h (P < 0.05 at 1 and 7 h, P < 0.001 at 3, 5 and 6 h). PTH was lower than apple after high-Ca skim milk enriched with Mg at 3, and 5 -7 h (P < 0.001 at 3, 5 and 6 h and P ¼ 0.01 at 7 h). Letter superscripts indicate significant differences (P < 0.05) between interventions at a given time point. There was a significant effect of time after apple drink from 1 -6 h (P < 0.001 at each time). There was a significant effect of time after TCP between 2 and 8 h, and after each milk between 1 and 8 h (P < 0.001 at each time). There were also significant differences between interventions. Compared with apple drink S-CTX was higher after TCP after 1 h (P < 0.05), but lower after 4 -8 h (P < 0.001). S-CTX was lower than apple after high-Ca milk at 2 -8 h (P < 0.001 at each time). S-CTX was lower than apple after high-Ca milk enriched with Mg at 2 -8 h (P ¼ 0.01 at 2 h and P < 0.001 at each remaining time). Letter superscripts indicate significant differences (P < 0.05) between interventions at a given time point.
PTH and bone resorption effects of milk JH Green et al (P ¼ 0.10), but it tended to be higher after each of the high Ca drinks compared with apple. The 8 h Mg excretion rates were 24 AE 10 mg for apple, 31 AE 14 mg TCP, 31 AE 8 mg for high-Ca milk and 33 AE 17 mg for high-Ca skim milk enriched with Mg. There was a significant positive correlation between the total 8 h excretion rates of Ca and Mg, each expressed as mg=8 h (r ¼ 0.53, P < 0.001; data combined from all four drink interventions). There was also a significant Time zero marks the time of the start of ingesting each drink. There was a significant effect of time after TCP and high-Ca skim milk enriched with Mg. Urine Ca increased 2 -8 h after TCP (P < 0.001 at 2 -4 and 4 -6 h and P < 0.01 at 6 -8 h). After highCa skim milk urine Ca was higher than baseline after 4 -6 h only (P < 0.001). There were also significant differences between interventions, with urinary Ca being greater after all three high-Ca drinks than after apple. After TCP urinary Ca was higher than after apple between 2 and 8 h (P < 0.001). After high-Ca skim milk, urinary Ca was higher than after apple from 2 to 6 h (P < 0.001). After high-Ca skim milk enriched with Mg, urinary Ca was higher than after apple from 2 to 8 h (P < 0.001 at 2 -4 and 6 -8 h and P < 0.01 at 4 -6 h).
Letter superscripts indicate significant differences (P < 0.01) between interventions at a given time point. Numerical superscripts indicate significant differences (P < 0.01) between different time points of the same intervention. Time zero marks the time of the start of ingesting each drink. There was a significant effect of time after each drink. Urine Mg was higher than baseline 0 -2 h after apple (P < 0.01). Urine Mg increased 2 -8 h after TCP (P < 0.001 at 2 -4 and 4 -6 h, P 0.01 at 0 -2 and 6 -8 h). After high-Ca skim milk urine Mg was higher than baseline after 4 -6 h only (P < 0.001). After high-Ca skim milk enriched with Mg urine Mg was higher than baseline after 2 -8 h (P < 0.001 at 4 -6 h and P < 0.01 at 2 -4 and 6 -8 h). There were also significant differences between interventions, with urinary Mg being greater after all three highCa drinks than after apple. After both TCP and high-Ca skim milk urinary Mg was higher than after apple at 2 -4 h (P 0.001 for each). After high-Ca skim milk with Mg, urinary Mg was higher than after apple from 2 -8 h (P < 0.001 at 2 -4 h, P < 0.05 at 4 -6 h and P < 0.01 at 6 -8 h).
Letter superscripts indicate significant differences (P < 0.05) between interventions at a given time point. Numerical superscripts indicate significant differences (P < 0.05) between different time points of the same intervention. Time zero marks the time of the start of ingesting each drink. There was a significant effect of time after each drink. After the apple drink urine DPD was significantly lower than baseline at each time (P < 001 at 0 -2, 4 -6 and 6 -8 h, and P < 0.01 at 2 -4 h). After the TCP urine DPD was significantly lower than baseline at 2 -8 h (P < 001). After both high-Ca skim milk and highCa skim milk enriched with Mg, urine DPD was significantly lower than baseline at 4 -8 h (P < 001). There were also significant differences between interventions, with DPD being higher 0 -2 h after TCP or high-Ca skim milk enriched with Mg than after apple (P ¼ 0.02 for each).
Letter superscripts indicate significant differences (P < 0.05) between interventions at a given time point. Numerical superscripts indicate significant differences (P < 0.01) between different time points of the same intervention.
negative correlation between the integrated area under the curve for change in serum PTH and 8 h Mg excretion (r ¼ 7 0.31, P < 0.01), with data being combined from all four interventions. The urine DPD responses to the four drinks are shown in Table 3 . There were significant effects of time and significant differences between interventions, but there were no differences in 8 h DPD excretions, expressed as mg=8 h, between drink interventions.
Discussion
We have shown that an oral load of 1200 mg Ca provided in milk is associated with a decrease in S-CTX, a biochemical marker of bone resorption, despite no important differences in serum calcium or PTH. In contrast, TCP induced significant changes in serum calcium and PTH as well as S-CTX. There was no distinguishable difference in S-CTX between high-Ca drinks. There were concomitant increases in urinary Ca and Mg, and a decrease in urinary DPD excretion, although the DPD responses were not different from those observed after apple drink (control).
The decrease in DPD excretion after the apple drink is consistent with the daytime decrease in other biochemical markers of bone resorption (Hsin-Shan et al, 1997) . This daytime decrease in bone resorption has been attributed to food intake and is diminished by fasting. Therefore this may be mediated by changes in serum insulin (Bjarnason et al, 2002) . Indeed an insulin response to the light lunch that we gave our volunteers could explain the abrupt decrease in S-CTX that we observed 5 h after the test drinks were consumed.
There are two reasons why urinary DPD, unlike S-CTX, was not different between treatments. Firstly, it may be that DPD is not sensitive to small, diet-induced changes in bone resorption. Secondly, DPD may respond more slowly to dietary calcium than CTX, and so any impact of milk or TCP on DPD may not be detectable within the short time frame of the present study.
It is also important to take account of both the intra-and inter-variability in the biochemical measurements of bone turnover. Although this was a cross-over study in which each participant tested each of the drinks, the within person variance in bone marker values is still a potential confounding issue in interpreting the results. This is especially the case for the urine markers, which generally display more variability than the serum markers (Looker et al, 2000) .
Serum Ca is tightly regulated not only through the kidney but also through bone, which is the principle store of body Ca. During an oral Ca challenge, bone remodelling is decreased, leading to small increase in bone mass in growing individuals, or reduced bone loss (as in the case of postmenopausal women). Although this increase in bone mass is reversible in the short term (Yang et al, 1994) , over a number of years milk or Ca supplementation leads to significant increases in bone mineral density and reduces fracture risk in postmenopausal women (Lau et al, 2001) , suggesting that Ca supplementation is clinically, as well as biologically, important.
In the present study serum calcium increased more rapidly, and to a higher level after TCP than after milk. This was associated with a temporarily lower serum PTH and raised urinary calcium after TCP compared with milk. This is probably because the TCP would have had a faster transit time through the gut. Milk clots in the gastrointestinal tract, making its digestion slower than that of aqueous solutions. One would expect the longer transit time to enhance the total absorption of nutrients. Therefore, it seems reasonable to suggest that milk is a better vehicle for delivering calcium than aqueous TCP is.
Although serum Mg was constant, there was a transient increase in urinary Mg in response to all three high-Ca drinks that we used, irrespective of their Mg content. Previously, a 3 week feeding study found no difference in Mg excretion between a low Ca (800 mg=day) and a high-Ca diet (1800 mg=day) in five adolescent girls (Sojka et al, 1997) . However, rats fed a high-Ca diet for 10 weeks displayed higher urinary and faecal excretion rates of Mg that were associated with significant decreases both in serum Mg and femur Mg (Miura et al, 1999) . The authors attribute the loss in Mg retention to a reduction in Mg utilization. Alternatively, increased Mg losses may reflect hypercalcaemiainduced changes in renal reabsorption of Mg. One might expect dietary Ca to inhibit Mg reabsorption in the nephron because of the decrease in PTH. This hormone is known to enhance Mg uptake in the distal convoluted tubule of the nephron (Dai et al, 2001) . This is in agreement with our observation of a positive correlation between the 8 h postprandial urinary Mg excretion and the integrated change in serum PTH over 8 h. However, this correlation may simply reflect a short-term relationship between circulating PTH and magnesium, and therefore it may not have any longterm biological importance. Further, an increase in serum Ca or Mg each inhibit both Ca and Mg reabsorption in the kidney, which is attributed to an extracellular Ca 2þ =Mg 2þ -sensing receptor located in the cortical thick ascending limb of the loop of Henlé (Dai et al, 2001) . Although the additional Mg losses following the high-Ca drinks in the present study were small, if extrapolated to a 24 h period they could amount to approximately 5 -10% of the recommended daily intake. If high Ca diets promote Mg loss, then there may be some benefit for consumers in increasing the dietary intake of Mg.
The addition of Mg at 55% US RDA in one of the milks in the present study was not associated with any accumulation of Mg in the blood. The latter is consistent with Mg supplementation studies that have shown no change in serum Mg despite increased dietary intakes (Dimai et al, 1998; Doyle et al, 1999 ). An increase in Mg bioavailability might have been detected from measurements of intracellular Mg. Large Mg supplements (250 mg=day for 4 weeks) produce modest PTH and bone resorption effects of milk JH Green et al increases in erythrocyte Mg concentration (Doyle et al, 1999) . However, a daily supplement of an amount of Mg that was similar to the one we used (125 mg=day), provided as Mg citrate malate for 3 weeks has been shown to have no impact on intracellular erythrocyte concentration (Basso et al, 2000) .
In conclusion, TCP and high Ca milk with or without additional Mg, led to an increase in serum Ca and decreases in serum PTH and S-CTX, which confirms previous research into the importance of calcium on bone metabolism. The enrichment of high Ca skim milk with Mg had no additional impact on serum PTH or bone resorption than high Ca skim milk alone. Overall there were no differences in the effect of the high calcium three drinks that we tested on calcium or bone metabolism. Finally, because it is absorbed more slowly, high calcium skim milk may be a better way to deliver calcium than elemental calcium.
